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We report on the harge kinetis of La
2
CuO
4
lightly doped with Li and Sr. Impedane spe-
trosopy measurements down to 25mK and from 20Hz to 500 kHz reveal evidene for low energy
harge dynamis, whih slow down with dereasing temperature. Both systems are autely sensi-
tive to stoihiometry. In the ase of Sr substitution, whih at higher arrier onentration evolves
to a high temperature superondutor, the ground state in the pseudogap-doping regime is one of
spatially segregated, dynami harge domains. The harge arriers slow down at substantially lower
temperatures than their spin ounterparts and the dynamis are partiularly sensitive to rystallo-
graphi diretion. This is ontrasted with the ase of Li-doping.
PACS numbers: 74.72.Dn, 74.25.Fy, 74.25.Nf, 75.50.Lk
Hole-doping into the CuO2 planes of the antiferro-
magneti Mott insulating ompound, La2CuO4, an be
ahieved for example with Sr or Li. In the ase of
La2Cu1−xLixO4 (LLCO), the holes tend to be loal-
ized near the Li-sites [1℄, whereas with La2−xSrxCuO4
(LSCO) they are more mobile [2, 3℄. In both systems
doping (x) suppresses the Néel temperature (TN ) and a
short-range spin-glass phase is exposed near x = 0.03
at ∼ 8K [1, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13℄. It is
only for x ≥ 0.055 that superondutivity emerges in
LSCO. LLCO, on the other hand, remains an insula-
tor [12℄, yet has a similar magneti phase diagram at
low dopings [7, 13℄. The intermediate spin-glass region
in LSCO allows the study of spin and harge dynam-
is prior to the onset of high temperature superondu-
tivity (HTS). A wide range of investigations in this in-
termediate region have provided evidene for the pre-
sense of antiferromagneti domains separated by anti-
phase boundaries [7, 8, 14℄. In so far as the harge is
onerned, it remains unlear whether the system is on-
duting at these dopings. There have been indiations of
spatial segregation of harge into loally ordered regions
[6, 15, 16, 17, 18, 19, 20℄. Reent infrared studies are in-
onsistent with the notion of stati harge ordering [21℄.
These results are supported by low frequeny resistane
noise measurements [22, 23℄.
To eluidate the harge dynamis we performed low
frequeny impedane spetrosopy (20Hz to 500 kHz) on
LLCO and LSCO, both with x = 0.03  a probe sen-
sitive to orrelated domains [24℄. Our studies show that
the harge slows down with dereasing temperature (T )
in both systems. We observe a dispersion in the on-
dutivity that we attribute to dieletri losses in both
systems. We show that LSCO in the pseudogap-doping
regime studied here manifests spatial segregation of holes
into loally ordered, low energy, dynami regions. The
harge arriers slow at temperatures a ouple of orders
of magnitude lower than their spin ounterparts  an
anomalous situation in glassy systems in general. Signif-
iantly these low energy harge dynamis our primarily
along the CuO2 planes; and none of these is evidened in
LLCO, whih does not superondut at any doping.
The LLCO and LSCO (x = 0.03) high-quality single
rystals were grown using the traveling-solvent oating-
zone method [13, 25℄. In order to eliminate possible hole
doping by exess oxygen, the rystals were arefully heat
treated under reduing onditions. The lithium onen-
trations were estimated to within ±0.003 [13℄. The rys-
tal axes were determined by the x-ray Laue baksatter-
ing tehnique and samples were ut with a wire saw for
both in-plane and out-of-plane measurements. Dierent
ontats were used to ensure that the results were intrin-
si, inluding evaporated Au and ured Dupont 6838 Ag
paste. We tried depositing an Al2O3 layer and subtrat-
ing its ontribution, but the results were unhanged. We
also varied the geometry to onrm that the eets were
not from depletion layers at the ontats. We performed
our measurements down to 1.3K in He dewars and to
300mK using an adiabati demagnetisation refrigerator.
Measurements were extended to 25mK using two dier-
ent dilution refrigerators. We measured the impedane,
Z and the phase angle, θ. The phase angle varied from
approximately 0° (resistive) at room temperature and low
frequeny (f ≈ 100Hz) to . 90° (low-loss dieletri) at
low temperatures and higher frequeny (f ≈ 100 kHz).
The impedane varied by up to nine orders of magni-
tude in the ourse of an experiment. To ompare suh
extreme variane we extrated from our impedane mea-
surements the real ε′ = − d sin θ
ωZε0A
and imaginary permit-
2tivity ε′′ = d cos θ
ωZε0A
, and the ondutivity σ = ωε0ε
′′
,
where d is the distane between the ontats, A is the area
of the ontats, ω = 2pif , and ε0 = 8.854× 10
−12
F·m-1
is the vauum permittivity [24℄.
Park et al. [26℄ showed that an eletroni glass ours
in LLCO (x = 0.023), seen by a steplike drop in ε′ at
a harateristi T whih inreases with f . Having repli-
ated their results (not shown here), we then studied the
eet of additional arrier doping. A small inrease in
doping to x = 0.03 auses an astonishing inrease in on-
dutivity and reveals strong peaks in ε′(T ) (Fig. 1), the
temperature of whih inreases with f . The rounded-
ness and low frequenies involved suggest polarization of
eletroni domains with a wide range of harateristi
frequenies. Noise is introdued above the peak T below
1 kHz, onsistent with domain walls swithing in random
steps with the appliation of a slowly varying eld. The
eet is less notieable at higher frequenies where the
domains are exited reversibly if at all or at lower tem-
peratures where they are sluggish on these time sales.
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FIG. 1: (Color online) Out-of-plane real permittivity of
LLCO (x = 0.03) vs T . Inset: T and f dependene of the
peaks in ε′. (1) Arrhenius t; (2) Vogel-Fulher and power-
law ts (see text for details). The error-bars (not shown) are
smaller than the symbols.
The f dependene of the peak in ε′ is tted against
three standard forms (Fig. 1; inset) [24℄. An Arrhe-
nius t (exp(−E/kBT )), giving an exitation energy of
E = 59K, is more onvex than the data points. A Vogel-
Fulher t (exp(−E/kB(T − Tf ))) gives a freezing tem-
perature of Tf = −5.8(7)K < 0 and E = 189(32)K. A
power-law t ((T − Tf)
n
) gives unphysial parameters
(n = 7.5). This agrees with the following analysis of the
ondutivity and will be ommented on below.
We extrated the ondutivity from our impedane
measurements (Fig. 2). The linearity of the 20Hz data
below ∼ 40K reveals Mott Variable Range Hopping
(VRH), σ(T ) = σ0 exp(−(T0/T )
β), where β = 1(d+1) , d is
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FIG. 2: (Color online) Out-of-plane σ of LLCO vs T−1/4.
In this plot a straight line represents VRH. The extrapolated
f independent VRH omponent we subtrat from the data
is parallel to the double-headed arrow. Lower inset: rep-
resentative alulated dieletri losses with VRH omponent
subtrated (see text for details). Upper inset: T and f de-
pendene of the peaks in the dieletri losses. The lines are
the same ts as in Fig. 1 (inset). The error-bars (not shown)
are smaller than the symbols.
the dimensionality of the hopping [27℄. There is a f de-
pendent deviation from VRH. This may be understood in
terms of two omponents to the losses: VRH (indiated
by the double-headed arrow in the main panel of Fig. 2)
and dieletri loss. We subtrated the extrapolated best-
t f independent VRH omponent from σ to reveal the
f dependent loss peaks (Fig. 2; lower inset). A plot of
the T dependene of these peaks (Fig. 2; upper inset) is
in reasonable agreement with the data shown in the in-
set to Fig. 1. An Arrhenius t again fails to desribe the
data, and a Vogel-Fulher t yields Tf = −6.0(7)K and
E = 165(22)K. A power law t again gives unphysial
parameters (n = 7.7).
The in-plane measurements (not shown) are qualita-
tively similar, although σ and ε′ are both an order of
magnitude larger than the out-of-plane values at low tem-
peratures. In the limit of f → 0 our results agree with
DC measurements on omparable erami samples [12℄,
while at higher frequenies our experiments reveal similar
low energy harge dynamis to those seen in the out-of-
plane ondutivity above.
The negative Tf values obtained from the Vogel-
Fulher ts suggest that the harge does not freeze in
these samples, although it ontinues to slow as T is re-
dued. It is possible that other ts over a lower temper-
ature region will yield a dierent result: this remains to
be heked with further experiments. Nevertheless, the
3present results dier to those of Park et al. [26℄ whih
show Tf of 3− 5K. This dierene demonstrates the ex-
treme sensitivity of the oupling between the low energy
spin and harge dynamis to arrier doping, possibly re-
lated to the large
dTN
dx (x ∼ 0.03) [1, 13℄. At x = 0.03 none
of the standard saling analyses adequately desribe the
low energy dynamis of the harge over the temperature
range studied.
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FIG. 3: (Color online) Real permittivity of LSCO vs f , with
(a) eld in-plane and (b) out-of-plane. The dotted lines are
guides to the eye. Insets are plots of the T and f dependene
of the peaks. The line in the lower inset shows two ts (see
text for details). The error-bars (not shown) are smaller than
the symbols.
We now turn to our results on LSCO. Extrating ε′
from the impedane measurements reveals broad T de-
pendent resonane-like peaks when plotted against f
(Fig. 3). The broadening of the dieletri dispersion on
ooling an be attributed to a broadening of the distri-
bution of relaxation frequenies. This is suggestive of a
distribution of sizes of eletroni domains ating as o-
herent resonant osillators. The peak f dereases when
T is lowered, indiative of the dynamis slowing down.
These observations are in aord with the emergene of
dynamial harge heterogeneities at ultra-low tempera-
tures. Noise measurements, whih reveal distint swith-
ing utuations at temperatures of . 0.3K, further on-
rm this behavior [22, 23℄.
Although the results with eld in-plane and out-of-
plane look qualitatively similar, there are some notable
dierenes (Fig. 3). The in-plane measurements are an
order of magnitude larger. This may be understood by
higher harge arrier mobility in the CuO2 planes, en-
haning the measured polarization of the domains. Se-
ondly, the in-plane frequeny peaks asymptotially ap-
proah ∼ 1 kHz as T → 0 (Fig. 3(a); inset). This sug-
gests that the sluggishness of the in-plane domains levels
o as T → 0. The out-of-plane peaks, on the other hand,
show a distint kink at approximately 160mK (Fig. 3(b);
inset). We tted the data below this kink to the three
standard forms used previously. In this instane a Vogel-
Fulher t redued to an Arrhenius t (Tf ≈ 0), with
E = 281mK, and a power-law t yielded n = 1.56(24)
and Tf = 42(6)mK. Thus, while the in-plane resonant
frequeny levels o as T → 0, the out-of-plane dynam-
is ontinue to slow. Whether it has nite freezing at
Tf = 42mK (as in the power-law t) or simply ativated
behavior (as in the Arrhenius t) remains unlear.
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FIG. 4: (Color online) σ of LSCO vs VRH T exponents,
(a) β = 1/2, (b) β = 1/3, and () β = 1/4. Upper urves
show in-plane data, lower show out-of-plane, whih is shifted
down for larity. Inset: adjusted in-plane σ vs f . The lines
are guides to the eye. The error-bars (not shown) are smaller
than the symbols.
Next we onsider the ondutivity of this system
(Fig. 4). When the eld is in-plane, there is a simi-
lar f dependent deviation to that seen in LLCO, but at
lower temperatures. This lends redene to the low en-
ergy, dynami harge heterogeneities mentioned above.
We note that although the signature for the onset of dy-
nami harge heterogeneities ours in the mK regime
(Fig. 3), the dispersion shown in Fig. 4 ommenes at
temperatures of a few kelvin. We again subtrated the
VRH omponent. The losses are found to be relatively
4frequeny independent for f . 1 kHz, but highly disper-
sive for f & 1 kHz (Fig. 4; inset). It is possible to dis-
tinguish a similar but signiantly smaller eet in the
out-of-plane ondutivity for T . 500mK (not visible
on the sale shown). The deviation ours rst at the
higher frequenies, and for example at 100mK is mono-
toni with the 320 kHz ondutivity 22% larger than the
120Hz value. That this eet is relatively small may be
due to the low out-of-plane harge arrier mobility with
a onomitant redution in polarizability. The observed
anisotropy (Figs 3 and 4) indiates that the low energy
dynamis of the eletroni domains our mainly in the
CuO2 planes.
We then estimated the barrier energy by tting the
ondutivity to the VRH equation. For the low T in-
plane region (Fig. 4(); T = 1.3− 5K & T = 0.04− 1K)
best-ts yield β = 1/4 and T0 = 3.1 × 10
3
K & T0 =
340K. We ontrast these x = 0.03 results with x = 0.02
data from the literature. Ellman et al. [28℄ reported
β = 1/2 and T0 = 74K for x = 0.02 at low tempera-
tures (0.3-10K), and assoiated the β value with weak
sreening between the interating harge arriers. To the
best of our knowledge no low T data on x = 0.02 single
rystals is available. Nevertheless, this omparison shows
that a small inrease in arrier onentration in this dop-
ing region is suient to ause an onset of sreening
of interations at low temperatures. This is onsistent
with a rapid doping indued inrease in arrier mobil-
ity [29℄. In the lowest temperature out-of-plane region
(Fig. 4(a); 0.04-0.12K) we obtain β = 1/2 and T0 = 7K,
while at higher temperatures (Fig. 4(); 10-50K) β = 1/4
and T0 = 163K [30℄. Between these temperature ranges
(Fig. 4(b); 0.5-10K) a best t yields β = 1/3 in agree-
ment with other measurements in a similar temperature
range [23℄. Again ontrasting with the literature, Birge-
neau et al. [31℄ reported β = 1/4 and T0 = 1.1 × 10
6
K
for x = 0.02 in the temperature region 10-100K. Thus at
higher temperatures we see a sharp redution in barrier
energy as doping inreases from x = 0.02 to x = 0.03.
We assoiate the β = 1/2 at low T with weak sreening
due to lower arrier mobility in this orientation, and the
β = 1/3 with a gradual transition between the higher
temperature and low temperature regions.
In summary, we performed low T , low f impedane
spetrosopy to ompare the harge kinetis of LLCO
and LSCO (x = 0.03). Both systems exhibit low energy
harge dynamis, whih slow down as T is redued. Com-
parison with previous work on x = 0.02 [26, 28, 29, 31℄,
shows that both systems undergo a sharp inrease in
mobility as doping inreases to x = 0.03. Our study
of LSCO enabled the identiation of a ground state
with dynami harge heterogeneities in the doping range
where the pseudogap and spin-glass phase are present.
The orrelated slow dynamis identied are largely de-
oupled from their glassy spin ounterparts and lie pri-
marily along the CuO2 planes whih are responsible for
the emergene of HTS at higher harge arrier onen-
trations. Notably this was not so for LLCO. Our ob-
servations all for a reanalysis of the large region of
the HTS phase diagram oupied by a spin-glass phase
(0.01 ≤ x < 0.20) and the role of low energy harge do-
mains on the emergene of superondutivity in doped
Mott insulators.
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